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A B S T R A C T
Addition is a vital arithmetic operation and acts as a building block for synthesizing all other opera-
tions. A high-performance adder is one of the key components in the design of application speciﬁc integrated
circuits. In this paper, three low power full adders are designed with full swing AND, OR and XOR gates
to alleviate threshold voltage problemwhich is commonly encountered in Gate Diffusion Input (GDI) logic.
This problem usually does not allow the full adder circuits to operate without additional inverters. However,
the three full adders are successfully realized using full swing gates with the signiﬁcant improvement
in their performance. The performance of the proposed designs is compared with the other full adder
designs, namely CMOS, CPL, hybrid and GDI through SPICE simulations using 45 nm technology models.
Simulation results reveal that proposed designs have lower energy consumption among all the conven-
tional designs taken for comparison.
Copyright © 2015, The Authors. Production and hosting by Elsevier B.V. on behalf of Karabuk
University. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).
1. Introduction
Adders are extensively used circuit elements in Very Large Scale
Integration (VLSI) systems such as Digital Signal Processing (DSP)
processors, microprocessors etc. It is the nucleus of many other op-
erations like subtraction, multiplication, division and address
calculation. In most of the digital systems, adders lie in a critical
path which inﬂuences the overall system performance. Hence, en-
hancing adder’s performance is becoming an important goal [1–3].
The explosive growth in portable systems like laptops has in-
tensiﬁed the research efforts in low power microelectronics. The
reason behind is that the battery technology does not advance at
the same rate as the microelectronics technology. There is only a
limited amount of power available for themobile systems. Therefore,
low power design has become a major design consideration [4].
The advances in VLSI technology allow hardware realization of
most computing intensive applications such as multimedia pro-
cessing, DSP, to enhance the speed of operation. Moreover, with
increasing demand and the popularity of portable electronic prod-
ucts, the researchers are driven to strive for smaller silicon area,
higher speed, longer battery life and enhanced reliability. The im-
portance of digital computing lies in full adder design.
The design criteria for full adder are usually multifold [5]. Tran-
sistor count, which is one of the attributes, determines the system
complexity of arithmetic circuits like multiplier, Arithmetic Logic
Unit (ALU), etc. Power consumption and speed would be the other
two important criteria when it comes to the design of full adders.
However, they have a contradictory relationship with each other.
Therefore, power delay product or energy consumption per oper-
ation has been introduced to accomplish optimal design tradeoffs.
The performance of digital circuits can be optimized by proper
selection of logic styles. Different logic styles tend to favor the ac-
complishment of one performance aspect at the expense of others.
The logic styles are varied in the method of computing intermediate
nodes, the number of transistor count, though they are implement-
ing the same function [6]. Numerous full adder designs in the classes
of static CMOS, dynamic circuit, transmission gate, GDI logic and Pass
Transistor Logic (PTL) are discussed in the literature [7–12].
The well known static CMOS adders with complementary pull-
up PMOS and pull down NMOS network require 28 transistors for
generating sum and carry outputs. PTL is an alternative to CMOS
and offers most functions implementations with fewer transis-
tors. This may reduce overall capacitances which in turnwill increase
the speed and decrease the power dissipation. However, in the PTL
based design, the output voltage is varied due to threshold voltage
drop across the input and the output.
This problem can be resolved by the adaptation of Complemen-
tary Pass Logic (CPL) and Swing Restored PTL (SRPL). But these logics
produce larger short circuit current, higher transistor count and in-
creased wiring complexity due to demand of complementary input
signals. Building logic using transmission gate is another choice to
minimize complexity. The full adder design implemented using
transmission gate is discussed in Reference 13. It requires 20 tran-
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sistors; further reduction in transistor count is also possible using
transmission function adder which needs 16 transistors, and it is
discussed in Reference 14.
GDI logic [15] is introduced as an alternative to CMOS logic. It
is a low power design technique which offers the implementation
of the logic function with fewer numbers of transistors. GDI gates
provide reduced voltage swing at their outputs, i.e. the output high
(or low) voltage is deviated from the VDD (or ground) by threshold
voltage Vt. The reduction in voltage swing is beneﬁcial to power
consumption. On the other hand, this may lead to slow switching
in the case of cascaded operation. At low VDD operation, the de-
graded output may even cause circuit malfunction. Therefore, special
attention must be needed to achieve full swing operation.
In this paper, an eﬃcient methodology for digital circuits such
as AND, OR and XOR gates with full swing is implemented. After
that, three full adders are proposed based on the full swing gates
in a standard 45 nm technology. The performance of three pro-
posed full adder designs are compared with other adders based on
CMOS, CPL, hybrid and GDI logic cited in the literature.
The paper is organized as follows: Section 2 overviews the GDI
methodology and presents its advantages and limitations. The three
proposed full adders implementations based on full swing AND, OR
and XOR gates are discussed in Section 3. Section 4 discusses the
simulation results and compares them with CMOS, CPL, hybrid and
GDI based designs. The conclusion is drawn in Section 5.
2. GDI logic
The basic GDI cell is shown in Fig. 1. Though it resembles a con-
ventional CMOS inverter the source/drain diffusion input of both PMOS
and NMOS transistor is different. In conventional inverter circuit,
source and drain diffusion input of PMOS and NMOS transistors are
always tied at VDD and GND potential, respectively. On the other hand,
the diffusion terminal acts as an external input in the GDI cell.
It helps in the realization of various Boolean functions such as
AND, OR, MUX, INVERTER, F1 and F2, as listed in Table 1.
The main drawback of GDI gate is that it suffers due to thresh-
old voltage drop. This reduces current drive and affects the
performance of the gate. The output voltage reduction can be com-
pensated by the use of swing restoration buffers at the output [16].
However, the presence of inverters in the buffers increases the tran-
sistor count and also increases the static power consumption when
they are connected in cascade. A multiple Vt technique is pre-
sented in the lieu of swing restoration buffer in Reference 15]. This
approach utilizes low threshold transistors in the places where a
voltage drop is to occur and also high threshold transistors for the
inverters. Though this hybrid threshold voltage method mini-
mizes power consumption, it becomes a bottleneck at the transistor
fabrication process.
Another method of swing restoration of GDI based, full adder
output, using an Ultra Low Power Diode (ULPD) technique is de-
tailed in Reference 17. This technique conﬁgures the MOS transistor
to work as a diode and uses 8 additional transistors for providing
full swing. It mitigates the problem of static power dissipation as
a conventional swing restoration buffer but still the complexity issue
in the fabrication of ULPD is to be taken into account.
The techniques presented so far to achieve full swing at the full
adder output either increase the number of transistors (more than
half from non-full swing design) or increase the power consump-
tion (use of buffers). So, a general method is required to design full
swing at the gate level like AND, OR, XOR, etc. Hence, an attempt
is made to design full swing gates subsequently three adders using
the proposed gates; a detailed explanation of the same is dis-
cussed in the following section.
3. Proposed full adders in GDI
In this section, three proposed full adder designs featuring GDI
with full swing logic are discussed with the goal to minimize the
circuit complexity and to achieve speed at cascaded operation. The
strategy is to avoid threshold voltage losses with the help of full
swing gates.
3.1. Basic gates for full adder design
The logic function of full adder [6] can be represented as
Sum A B Cin= XOR XOR (1)
C A B B C A Cout in in= + +AND AND AND (2)
From Eqs. (1) and (2) three basic gates are needed for imple-
menting the function i.e., AND, OR and XOR. As illustrated in Table 1,
the gate functions can be achieved with two transistors (exclud-
ing the inverters for complementary input signals) and their
transistor level diagrams are shown in Fig. 2.
The operational characteristics of these gates are given in Table 2.
Assume that both the inputs have voltage swing, the output volt-
ages are subjected to different input combinations given in Table 2.
From Table 2, it concludes that the output voltages are de-
graded by threshold voltage drop for certain input combina-
tions. The reduction in output voltage increases signiﬁcantly with
increase in the number of stages. Therefore, the design of full
G
N
P
OUTPUT
Fig. 1. Basic GDI cell.
Table 1
Different logic function realization using GDI cell.
N P G OUT Function
‘0’ B A AB F1
B ‘1’ A A B+ F2
‘1’ B A A + B OR
B ‘0’ A AB AND
C B A AB AC+ MUX
‘0’ ‘1’ A A NOT
Table 2
Operational characteristics of AND, OR and XOR gate using GDI logic.
A B AND OR XOR
‘0’ ‘0’ |Vtp| |Vtp| |Vtp|
‘0’ ‘1’ |Vtp| VDD VDD
‘1’ ‘0’ Gnd VDD-Vtn VDD-Vtn
‘1’ ‘1’ VDD-Vtn VDD-Vtn Gnd
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swing gates is necessary and it is discussed in the forthcoming
subsections.
3.2. Full swing AND, OR and XOR gates using F1 and F2 functions
Conventionally universal gates, namely NAND and NOR can be
used to realize any logical expression. Similarly, in GDI, two func-
tions are available, namely, F1 ( AB) and F2 ( A B+ ) to realize logical
expression. These two functions are also suffering from a thresh-
old voltage drop. The solution for this issue is discussed in Reference
18. In Reference 18, swing restoration transistor provided at the
output to take care of threshold voltage loss and the schematic of
AND, OR and XOR gates using F1 and F2 functions are shown in Fig. 3.
It increases the transistor count from 2 to 3 for the design of AND
and OR yet the full swing operation can be achieved.
The operational characteristics of AND, OR and XOR gates with
the full swing are given in Table 3.
F1 and F2 based AND and OR functions implementation require
3 transistors whereas CMOS based implementation demands 6 tran-
sistors. So, the choice of F1 and F2 for AND and OR gates will be
good since a less number of transistors (like PTL logic) also pro-
vides full swing like CMOS. However, F1 and F2 based XOR gate
implementation lacks CMOS based design. The reason might be one
of the following:
(i) XOR gate based on F1 and F2 needs a total of 9 transistors,
which is twice that of the transistors required for GDI logic
(without full swing, requires 4T) as seen from Fig. 3(c). There-
fore, it cuts off the goal of GDI logic, i.e. function realization
using minimal transistor.
(ii) Due to increased transistor count, the overall input gate
capacitance (Cg) of the XOR function increased since Cg
is a direct function of the number of transistor seen by the
inputs.
(a)                                                             (b) (c)
B
A
B
A⊕ B
A
B
A+B A
B
A.B
Fig. 2. (a) XOR gate (b) OR gate and (c) AND gate.
(a)                                                            (b)
(c)
A
A
B
A.B
 
A
A+B
B
A
A
B
A
AB
A
B
B
AB
A XORB
AB
AB
AB
Fig. 3. Full swing gates based on F1 and F2 (a) AND (b) OR and (c) XOR.
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(iii) The intermediate nodes can be increased slightly, this might
lead to a number of glitches which are the sources of power
consumption.
The realization of AND and OR gates with full swing can be possi-
ble using F1 and F2 functions, respectively, and operate relatively better
than conventional design though not suitable for XOR realization. But
XOR-XNOR circuits are basic building blocks in various arithmetic cir-
cuits such as adders, multipliers, compressors, comparators, parity
checks, etc. as some of the examples. They provide an intermediate
output to generate the ﬁnal sum and carry the full adder. Also the im-
portance of XOR-XNOR functions, implementations like an adder and
multiplier, arewell explored in Reference 19. Therefore, full swing XOR
is necessary to drive successive stages reliably.
3.3. Proposed full swing XOR gate
This subsection details about the proposed XOR gate to achieve full
swing operation. It acts as one of the basic modules for the realiza-
tion of three full adder designs and the performance of the designed
adders are investigatedunder full swingXORgate as oneof themodules.
The proposed XOR gate uses four transistors (excluding the in-
verter for complementary input signal) to provide full swing in the
output. The design of XOR gate using GDI logic without and with
full swing is shown in Fig. 4. The goal is to reduce the circuit com-
plexity and to achieve faster cascaded operation. Before explaining
the operation of proposed 4T XOR, GDI based XOR operation is dis-
cussed for understanding of its working.
• Logic ‘0’:
When AB = 00, NMOS transistor is switched OFF and PMOS tran-
sistor is switched ON. Therefore, the output, which is approximately
equal to |Vtp|, is obtained at the output, where Vtp is the threshold
voltage of PMOS transistor. However, when AB = 11, the NMOS tran-
sistor becomes ON and PMOS transistor becomes OFF and passes
ground potential at the output.
• Logic ‘1’:
When AB = 01, PMOS transistor is switched ON and NMOS tran-
sistor is switched OFF. Therefore, VDD passes through PMOS transistor.
On the contrary, the case occurs when AB = 10. In this case NMOS
turns ON and PMOS turns OFF resulting in NMOS passes a poor ‘1’
signal which is about VDD-Vtn at the output, Vtn denotes the thresh-
old voltage of NMOS transistor.
The disadvantage of XOR circuits in Fig. 4(a) comes from the fact
that the internal nodes do not have a full voltage swing due to thresh-
old voltage drop.
The operation of proposed XOR gate is explained as follows: The
existing design lacks in full swing operation for two cases when
AB = 00 and 10. The techniques presented in the literature directly
use supply rail VDD for strong ‘1’ and VSS for strong ‘0’. But the pro-
posed design does not use supply rails either GND or VDD for
obtaining the perfect output. It uses input, but only with proper
biasing of a necessary transistor, which may be either PMOS or
NMOS. This in turn would depend on the input level, to mitigate
the threshold voltage loss, which occurs in conventional XOR design.
For AB = 00, transistor P1 (PMOS), P3 (NMOS) and P4 (PMOS)
conduct. The P3 transistor is responsible for delivering strong ‘0’.
Likewise, another case when AB = 10, transistor P2 (NMOS), P3
(NMOS) and P4 (PMOS) work for the given input, in which P4 passes
strong ‘1’ to the output. Whereas in other cases, namely AB = 01 and
11, the transistors P3 and P4 do not change the output potential.
Hence, the correct output for XOR gate is attained with the pro-
posed design.
3.4. Three full adder designs
The design of GDI full adder with full swing can be made pos-
sible with the help of full swing gates such as AND, OR and XOR
discussed in the previous section. This design completely elimi-
nates the swing restoration buffers that results in improvement in
the performance. Three possible full swing GDI full adders are
Table 3
Operational characteristics of AND, OR and XOR gate with full swing.
A B AND OR XOR
‘0’ ‘0’ Gnd Gnd Gnd
‘0’ ‘1’ Gnd VDD VDD
‘1’ ‘0’ Gnd VDD VDD
‘1’ ‘1’ VDD VDD Gnd
(a)                                                                        (b)
A  OUTPUT 
B 
B 
 
P3 
P1 
A 
A 
OUTPUT 
B 
B 
A 
B 
P4 
P2 
Fig. 4. XOR gate (a) using GDI logic and (b) proposed design.
488 M. Shoba, R. Nakkeeran/Engineering Science and Technology, an International Journal 19 (2016) 485–496
Fig. 5. Proposed full adder based on (a) Design 1 (b) Design 2 and (c) Design 3.
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designed by rewriting the full adder design expression Eqs. (1) and
(2), to accommodate the full swing gates. These design’s expres-
sions [Eqs. (3)–(8)] are given below and their schematic diagrams
are given in Fig. 5.
Design 1 The full adder’s Sum and Cout expressions are given in Eqs.
3 and 4, respectively.
Sum C A B C A Bin in= ( ) + ( )XOR XNOR (3)
C A B C A B Aout in= ( ) + ( )XOR XOR (4)
Design 1 uses XOR output as an intermediate result for computing
Sum and Cout. Sum output can be attained by multiplexing the XOR
and its inverted version XNOR through Cin input. The Cout is ob-
tained by multiplexing the inputs A and Cin whose output is
controlled by the selection input, i.e. XOR output of A and B inputs.
The presence of inverter on the critical path increases the delay of
the whole circuit. This design is simple and requires a total of 18
transistors for realizing the full adder function.
Design 2 The Sum and Cout expressions are represented in Eqs. 5 and
6, respectively. This design can be attained by means of XOR, AND
and OR along with Multiplexer modules
Sum A B Cin= XOR XOR (5)
C C A B C A Bout in in= ( ) + ( )AND OR (6)
Cout function can be realized with the help of AND and OR gates in
the case of Design 2 based full adder. AND and OR gates are de-
signed based on F1 and F2, respectively. Multiplexing the AND and
OR operation through Carry input Cin helps in Cout realization. The
XOR operation on the inputs A, B and Cin achieves Sum function. It
uses total 22 transistors for implementing Design 2 logic expression.
Design 3 It is designed by considering the XOR, AND and OR gates
and the Sum and Cout design expressions are given in Eqs. (7) and
(8).
Sum A B Cin= XOR XOR (7)
C A B A B Cout in= + ( )AND XOR (8)
Design 3 uses XOR module that plays an important role since Sum
output can be achieved by XORing the inputs A, B and Cin. The output
Cout is obtained with the help of AND and OR followed by XOR gate.
The realization of AND and OR gate can be done with the help of
full swing F1 and F2 gates. The GDI based F1 and F2 enables the
implementation of AND and OR with only 3 transistors where as
CMOS needs 6 transistors for achieving the same. The intermedi-
ate XOR gate output is used for computing Cout output. So totally,
23 transistors are needed for designing a full adder.
4. Simulation results and comparison
In this paper, full swing XOR gate is proposed and its perfor-
mance is compared with the existing works cited in References
15,16,18. Three GDI full adders are designed based on the full swing
AND, OR and XOR gates discussed in this paper and their perfor-
mances are also compared with other adders found in the literature
in terms of speed of operation, power consumption and circuit
complexity.
4.1. Simulation results of XOR gate
For simulation environment, two inverters with the same W/L
are used to make output buffers. Power and delay of the inverters
are included in the power and delay calculations of the whole circuit.
The size of PMOS transistor is twice that of NMOS transistor size.
SPICE Simulations are performed in 45 nm technology with
VDD = 1.1 V and a clock frequency of 100MHz. Typical transistor sizes,
i.e., (W/L)p = 120 nm/45 nm and (W/L)n = 120 nm/45 nm are used.
The simulation results of proposed XOR gate along with the exist-
ing design reported in References 15,16,18 are shown in Table 4.
Among the simulated designs, the proposed XOR gate outper-
forms in terms of delay, power consumption, transistor count and
energy. On the other hand GDI based designs discussed in Refer-
ences 15,16,18 and proposed XOR gate performs better in all aspects
than CMOS based design.
The delay improvement in the proposed XOR gate is obtained
by reduced transistor count on its critical path. The XOR design dis-
cussed in References 15,16 has more delay due to the presence of
buffer in the output whereas the XOR gate in Reference 18 has longer
critical path which results into slow down the operation.
In respect of power consumption, the proposed XOR gate oper-
ates at least values since it has no direct path between the power
supply and ground rails, which eliminates direct short circuit current.
The transistor count is also reduced compared with the other full
swing XOR gates reported in the literature. Finally regarding energy
consumption as expected, proposed XOR is better among the other
designs.
Therefore, the choice of proposed XOR gate as a basic module
in the arithmetic circuit, namely full adder, would gain the advan-
tage in improving the performance metrics and can provide good
driving capabilities for the subsequent stages. Hence, the perfor-
mance analysis of proposed full adder designs along with existing
full adder is investigated in the forthcoming sub-sections.
4.2. Simulation results of single full adder
Full adders based on CMOS, CPL, hybrid logic are taken for com-
parison with the proposed designs. In addition to these full adders,
adders based on XOR gate discussed in References 15,16,18 are also
taken into account. CMOS logic consists of 28 transistors, which is
considered as reference for comparison. It has a full voltage swing
and buffered Sum and Cout signals. CPL, which is a variant of PTL, uses
32 transistors and provides both complementary and true output
Table 4
Simulation results of XOR gate.
Design Power
(nW)
Delay
(ps)
Transistor
count
Energy
(e-18 J)
CMOS 547.3 23.2 12 12.6
Morgenshtein et al. [15] 403.1 22.0 8 8.8
Uma and Dhavachelvan [16] 396.2 21.1 8 8.3
Morgenshtein et al. [18] 381.8 20.2 9 7.7
Proposed XOR 283.6 7.5 6 2.1
Table 5
Simulation results of single full adder.
Logic Power
(nW)
Delay
(ps)
Transistor
Count
Energy
(e-18 J)
EDP
(e-28 J sec)
CMOS 975.6 46.2 28 45.1 20.8
CPL 2680 38.8 32 103.9 40.3
Hybrid 1613 35.21 24 56.8 19.9
Morgenshtein et al. [15] 1310 41.3 20 54.1 22.3
Uma and
Dhavachelvan [16]
1685 49.13 20 82.7 40.6
Morgenshtein et al. [18] 1462 32.2 30 47.1 15.2
Design 1 927.9 37.86 18 35.1 13.3
Design 2 1140 26.87 22 30.6 8.2
Design 3 1216 36.57 23 44.4 16.2
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of Sum and Cout signals. It uses the feedback transistors for providing
full swing. The design which uses the combination of CMOS and
PTL to generate Sum and Cout, respectively is called hybrid design.
It uses 24 transistors in this regard, which lies between CMOS and
transmission gate.
For all possible input combinations applicable to the full
adder, the average power consumption and worst case delay are
measured. Table 5 summarizes the simulation results of single full
adder.
From the results in Table 5, it is very clear that CPL logic con-
sumes relatively more power due to more number of transistors
required for its design. In the case of hybrid design, this equally per-
forms well with CMOS in terms of delay and power consumption.
However, it takes reduced number of transistor count compared to
CMOS for its design. Whereas the Three proposed GDI based full
adders, especially Design 2 outperforms all the other adders in both
delay and Energy Delay Product (EDP). This would have resulted due
to reduced transistor count on the paths between input and output.
This will also lead to the decrease in the parasitic capacitance at
the Sum and Cout nodes.
The area overhead of the three proposed adders is lower than
that of conventional CMOS, CPL and hybrid adders taken for com-
parison. However, the proposed adders, namely Design 2 and Design
3, have slightly increased the transistor count compared to the full
adders discussed in Reference 15,18. The performance metrics of
all the simulated adders such as delay, power consumption, energy
consumption and process variation analysis are discussed elabo-
rately in the forthcoming sub-sections.
4.2.1. Delay
The delay is measured by accounting the time taken from 50%
of the input voltage swing to 50% of the output voltage swing for
each transition. The maximum delay is treated as worst case delay
[17]. The delay results of the simulated adders are given in Table 5.
Comparing among three proposed adder designs, Design 2 has the
lowest delay since Cout and Sum are computed in parallel. Also the
improved delay in Design 2would have resulted due to better driving
capability of the proposed XOR gate. The adder design based on
Design 2 operates faster by 34.9% 45.3% and 16.5%, respectively, than
the adder based on XOR discussed in References 15,16,18. The pres-
ence of inverter in the critical path of Design 1 leads the design to
have higher delay among the three proposed full adder. However,
the Design 3 in terms of delay stands midway between Design 1 and
Design 2 of the proposed full adder.
The full adder based on XOR in Reference 15 has more delay. The
low output voltage at internal nodes of full adder based on XOR in
Reference 15 causes less driving capability result in more delay.
Though the design discussed in Reference 16 operates at full swing,
the presence of buffer in the critical path slows down the operation.
The adder based on F1 and F2 gates in Reference 18 reduces the
delay than those in References 15,16 at the cost of more transistor
counts. However, the speed is still lesser than the proposed adder
Design 2.
4.2.2. Power consumption
The power consumed by the adders are computed through sim-
ulation and also presented in Table 5. It reveals that the three
proposed adders consume low power. Among the proposed adders,
Design 1 consumes low power since it adopts the proposed XOR gate
and requires minimum transistor count than the other two pro-
posed designs. However, their power consumption is still slightly
higher than Design 1, which is lower than other existing adders
except CMOS based adder. The percentage of power savings at-
tained with Design 1 than those in References 15,16,18 are 29.2, 44.9
and 36.5, respectively.
4.2.3. Energy consumption
From the simulation results, it is observed that three proposed
full adders consume small amount of energy, which is possible due
to the presence of full swing gates in those designs. These gates will
only switch the required transistor for the particular input. Hence,
they consume less energy. Among the designs taken for simula-
tion, Design 2 operates with less energy consumption. The amount
of energy saving can be achieved with Design 2 is 32.1%, 70.5% and
46.1% than CMOS, CPL and hybrid, respectively.
The adder in Reference 16 provides full swing only at output stage
owing to the buffering whereas the intermediate nodes suffered by
voltage drop like adder discussed in Reference 15. Therefore, the
energy consumption of the adder increases signiﬁcantly. In respect
of full adder based on F1 and F2 gates in Reference 18, though it
mitigates threshold drop at intermediate nodes, the overall energy
consumption is high due tomore transistor count required for design
as shown in Table 5. The EDP of Design 2 is better than all other
designs.
4.2.4. Process variation
Due to device dimensions’ miniaturization as technology ad-
vances, process variation analysis of the circuits is necessary.
Therefore, Monte Carlo simulations are carried out, in order to val-
idate that the proposed designs have robustness against global and
local process variations than the existing designs. The Monte Carlo
simulation results of power and delay distribution of full adders are
given in Table 6.
The Monte Carlo simulation results of full adder power distri-
bution of proposed and the existing designs are illustrated in the
graphs as shown in Figs. 6 and 7, respectively. The value of μ/σ
Table 6
Monte Carlo simulation results of full adder’s power and delay distribution.
Design Power Delay
Min.
(nW)
Max.
(nW)
Mean(μ)
(nW)
Std. Dev.( σ)
(nW)
μ/σ Min.
(ps)
Max.
(ps)
Mean
(μ) (ps)
Std. Dev.
( σ) (ps)
μ/σ
CMOS 893 1041 978 21.6 45.2 47.2 78.3 56.5 2.5 22.6
CPL 2599 3528 2721 106.4 25.5 31.9 129.7 45.9 9.9 4.6
Hybrid 1550 2532 1677 108.5 15.4 66.8 970.1 217.2 115.8 1.9
Morgenshtein et al. [15] 1080 2445 1678 293.0 5.7 38.5 55.0 44.2 2.9 15.2
Uma and Dhavachelvan [16] 1508 2065 1746 80.5 21.7 46.1 58.2 50.3 2.2 22.8
Morgenshtein et al. [18] 2228 2557 2412 51.0 47.2 28.3 49.1 77.7 3.8 20.4
Design 1 870 990 930.2 18.9 49.2 38.5 54.6 44.4 2.2 20.2
Design 2 1084 1217 1145 20.8 55.0 22.6 31.8 27.2 1.1 24.7
Design 3 1093 1212 1146 21.4 53.5 35.4 49.6 41.1 2.1 19.5
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measures the sensitivity of the circuits to process variation [18]
where μ and σ represent the mean and standard deviation, respec-
tively. The circuit which has more value of μ/σ denotes less variation
with process changes. From the calculated μ/σ value, it is ob-
served that the adder discussed in Reference 15 has more variation
in power distribution and the full adder proposed as Design 2 in this
manuscript has less variation in power distribution. The decreas-
ing order of sensitivity to process variation among the adders taken
forMonte Carlo simulation isDesign 2,Design 3,Design 1, adder based
on XOR in Reference 18, CMOS, CPL, adder based on XOR in Refer-
ence 16, hybrid and adder based on XOR in Reference 15.
The Monte Carlo simulation results for delay distribution of pro-
posed and the existing full adders are illustrated in the graph as
shown in Figs. 8 and 9, respectively. With reference to μ/σ value,
the decreasing order of delay variation, due to process changes,
among the simulated designs is Design 2, adder based on XOR in
Reference 16, CMOS, Design 1, adder based on XOR in Reference 18,
Design 3, adder based on XOR in Reference 15, CPL and hybrid. From
the μ/σ values of delay distribution, the full adder based on F1 and
F2 gates have higher sensitive to process variation than CMOS based
design as discussed in Reference 18. It is observed from the delay
distribution results that the full adder based on hybrid has more
variation and the Design 2 adder has less variation. It can be con-
cluded that Design 2 adder has higher immunity to process variation
in both delay and power distribution.
Three proposed full adder designs have advantages and also limi-
tations.Design 1 is an optimal candidate for the applications in which
minimum transistor count and low power is a design require-
ment. The Design 2 provides lower EDP and minimum delay, so it
can be suitable for battery operated and real-time applications. It
Fig. 6. Monte Carlo simulation results of power distribution of proposed full adder based on (a) Design 1 (b) Design 2 and (c) Design 3.
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Fig. 7. Monte Carlo simulation results of power distribution of full adder based on (a) CMOS (b) CPL (c) Hybrid (d) XOR in Reference 15 (e) XOR in Reference 16 and (f) XOR
in Reference 18.
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has slightly increased in transistor count compared with Design 1.
Design 3 lies midway between Design 1 and Design 2, and offers lower
delay than Design 1. From the obtained results, it can be con-
cluded that all three designs operate with less energy consumption
than existing adders taken for comparison. Hence, these designs can
be suitable candidates for realizing energy eﬃcient arithmetic
applications.
5. Conclusion
In this paper, three full adder designs that use as few as twenty
transistors per bit are proposed. The design adopts full swing XOR,
AND and OR gates to alleviate the threshold voltage problem and
to enhance the driving capability for cascaded operation. The en-
hanced driving capability also facilitates lower voltage and faster
operation which leads to less energy consumption. The proposed
designs along with existing adder circuits are simulated using the
SPICE simulation tool at 45 nm technology. The comparison is done
in terms of power consumption, propagation delay, transistor count,
energy and EDP. The proposed three designs have lower energy con-
sumption when compared with other designs presented in the
literature. The process variation analysis of circuits is studied through
Monte Carlo simulation. From the Monte Carlo simulation results,
it is found that proposed adder based on Design 2 can operate re-
liably and has higher tolerance against process variation than the
previously reported adder in the literature. Hence, these proposed
designs may be suitable for low energy and high speed VLSI circuit
applications.
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Fig. 8. Monte Carlo simulation results of delay distribution of proposed full adder based on (a) Design 1 (b) Design 2 and (c) Design 3.
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Fig. 9. Monte Carlo simulation results of delay distribution of full adder based on (a) CMOS (b) CPL (c) Hybrid (d) XOR in Reference 15 (e) XOR in Reference 16 and (f) XOR
in Reference 18.
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